We report on the implementation of fluorescence-lifetime imaging in multiphoton excitation microscopy that uses PC-compatible modules for time-correlated single-photon counting. Four-dimensional data stacks are produced with each pixel featuring fluorescence-decay curves that consist of as many as 4096 bins. Fluorescence lifetime͑s͒ and their amplitude͑s͒ are extracted by statistical methods at each pixel or in arbitrarily defined regions of interest. When employing an avalanche photodiode the width of the temporal response function is 420 ps. Although this response confines the temporal resolution to values greater than several hundreds of picoseconds, the lifetime precision is determined by the signal-to-noise ratio and can be in the range of tens of picosconds. Lifetime changes are visualized in pulsed-laserdeposited fluorescent layers as well as in cyan fluorescent proteins that transfer energy to yellow fluorescent proteins in live mammalian cells.
Introduction
The excited-state lifetime of a number of specific fluorophores is a good indicator of their chemical microenvironment. It has been used to probe local gradients of ion concentrations and pH, in particular, as well as the occurrence of Förster resonance-energy transfer ͑FRET͒ between potential donor and acceptor molecules; for a review, see Ref. 1 . The opportunities offered by lifetime imaging have initiated the development of a variety of fluorescence-lifetime imaging ͑FLIM͒ devices.
There are three principal methods of measuring the fluorescence-decay time in an image. First, it can be determined through frequency-domain techniques whereby the molecular excitation rate is modulated with a frequency that is close to the inverse fluorescence lifetime; the lifetime is extracted from the concomitant modulation of the fluorescence signal. [2] [3] [4] [5] [6] Second, the decay curve can be measured directly in the time domain when using pulsed-illumination sources. [7] [8] [9] Third, when two subpicosecond-pulsed light trains of different wavelengths are available the lifetime can be determined by stimulated emission depletion on a scale of tens of femtoseconds. 10 In time-domain measurements that use singlephoton counting the time that passes between the arrival of a fluorescent photon at the detector and the following excitation pulse is determined. The temporal evolution of the emission probability after excitation is described by a histogram of these time spans whereby each counting event is allocated to a temporal bin, hence the name time-correlated singlephoton counting ͑TCSPC͒. Recently, several TCSPC devices with this functionality have become available as PC-extension boards that greatly facilitate the implementation of lifetime microscopy.
Microscope and Electronic Devices
One of the prominent advantages of multiphoton excitation microscopy ͑MPE͒ is its capability of producing virtually background-free optical slices of three-dimensional ͑3-D͒ objects. 11 The nonlinearity of the excitation allows optical sectioning without requiring a confocal spatial filter in front of the detector. Combined with the fact that infrared light is used for illumination, sectioning by nonlinear excitation leads to systems that are much less sensitive to scattering and to misalignment. Therefore we implemented MPE together with a TCSPC PCextension board to create an easy to use FLIM device for routine lifetime imaging. Besides simplicity, our implementation differs from reported two-photon FLIM by TCSPC 12 by the 100 -1000 times greater number of bins and the concomitant improved flexibility and accuracy in data analysis.
We alternatively used two different TCSPC modules in our setup: a Model SPC550 by Becker&Hickel, Germany, and a Model SL Digital Time by SL Microtest, Germany ͑Fig. 1͒. It consisted of a stage-scanning microscope with a modelocked Ti:sapphire laser ͑Coherent, Inc., Santa Clara, California, Model Mira 900 F͒ as a light source that delivered pulses with a width of ϳ150 fs at a repetition rate of 76 MHz. In the case of the Model SPC550 module an external photodiode was used to generate the stop signal for the time-to-amplitude converter; the SL card was synchronized by use of the internal diode of the laser. The beam passed a ferroelectric liquid-crystal power controller and beamcleaning optics and was focused by use of a 100ϫ oil-immersion lens ͑Leica Microsystems, Wetzlar, Germany͒ with a numerical aperture of 1.4. The sample was scanned with a precision of approximately 10 nm by use of a 3-D piezostage ͑Melles Griot͒. The fluorescence passed through a shortpass filter ͑Schott, Model BG39 at 3 mm͒ and was focused through a pinhole that was several times larger than the backprojected Airy disk. It was subsequently focused onto a single-photon-counting avalanche photodiode ͑EG&G, Model SPCM-AQ-131͒.
Both modules were capable of measuring several histograms without returning the control to the PC. A synchronization pulse was generated to indicate the start of the next measurement, which was used to trigger the scan stage directly. We were able to record images with less than 20% dead time. An elaborate acquisition software was developed that permitted the control of all the components of the setup and the direct display and analysis of the fourdimensional ͑4-D͒ data stacks.
Data Analysis
All 4-D data stacks are displayed as intensity images by means of adding up all the histogram channels at each pixel. For the analysis of the time dependence of the data, we assumed that the fluorescence decay is well described by a multiexponential decay:
A Levenberg-Marquardt routine for nonlinear fitting 13 was integrated into the software to fit this model function to the histograms of individual pixels or to the histogram data accumulated over all the pixels in a rectangular region of the image. When an image of several distinct species that are fluorescing at different decay rates is taken, one can use this method to extract the respective lifetimes i . The distribution of the amplitudes a i can then be visualized if it is assumed that the lifetimes are fixed and a linear fit is used to extract the prefactors as well as C for each individual pixel. In many applications an easily obtainable contrast based on mean lifetimes is desirable. Such a contrast can be derived by a comparison of the total fluorescence detected within two adjactent time intervals of the same length T. If both intervals together contain the histogram channels n i ͑i ϭ 1, . . . , N͒ a mean lifetime can be calculated with the formula
and the spatial distribution of can then be displayed as a mean lifetime image. Because this method implicitly assumes a monoexponential decay, the results are difficult to interpret if the temporal behavior differs significantly from this model. In such a case the resulting lifetimes are dependent on the position and the duration of the time intervals chosen for the analysis.
Experiments
To characterize the lateral spatial resolution of our setup, we recorded images of 100-nm fluorescent latex beads that were stained with Nile Red ͑Fig. 2͒; the The components within the box, i.e., the filter cube ͑FC͒ and the tube lens, can optionally be flipped into the optical path, and the sample can then be illuminated by a UV lamp and observed directly by eye. We used exchangeable filter cubes ͑Leica Microsystems, Wetzlar, Germany͒ that consist of excitation filters, dichroic beam splitters, and emission filters.
axial resolution was examined by the recording of the response to a fluorescent monomolecular layer 14 ͑Fig. 3͒ at an excitation wavelength of 765 nm. The lateral FWHM of the bead image was 300 nm, whereas the FWHM of the axial response was 730 nm ͑Fig. 3͒. The temporal response function was determined by the recording of laser light that was reflected from an aluminum layer that was moved into the focal plane.
As the laser pulses were shorter by 3 orders of magnitude than the detector response time, the measured temporal profile equals the instrument function ͑Fig. 4͒. Its FWHM of 420 ps accurately matches the results of previous measurements. 15 As a first test of 4-D imaging, we recorded two species of fluorescent latex beads that were randomly dispersed in the sample ͑Fig. 5͒ and simultaneously two-photon excited at 765 nm. The smaller beads ͑Polysciences, Inc., Warrington, Pennsylvania, 1.7 m͒ were expected to exhibit a faster fluorescence decay than the larger ones ͑Molecular Probes, Eugene, Oregon, 2.5 m͒. The mean lifetime image ͓Fig. 5͑b͔͒ generated from the 4-D data indicates an almost uniform distribution of decay times within the individual beads of approximately 2 and 4 ns in the small and the large species, respectively. We applied a Levenberg-Marquardt fit to the accumulated histograms of all the pixels within two exemplary beads ͓Fig. 5͑c͔͒. It revealed monoexponential decays with lifetimes of 2.25 Ϯ 0.1 ns and 3.65 Ϯ 0.1 ns, which is in good agreement with earlier measurements that were performed with a different method on the same test system. 9 Next, we used our setup to study the phenomenon of pulsed-laser fluorophore deposition 16 ͑PLFD͒ onto a coverslip. PLFD firmly attaches dye molecules to a glass surface, but the mechanism is not fully understood. We show that time-resolved imaging provides further insight into the photophysical changes that occur during deposition. A circular layer of attached molecules was created on the coverslip through the focusing of a stationary beam of 15 mW of 765-nm Ti:sapphire laser light into a 1-mM solution of Rhodamine 6G in immersion oil. The focus was placed close to the coverslip surface, and the molecules were exposed to this strong field for 30 s. To image the PLFD-generated pattern, we reduced The intensity image obtained ͑Fig. 6͒ shows concentric rings of varying brightness with a dark spot in the center that was found at the location where the beam had been focused. The mean lifetime image ͑lower right-hand outset͒ reveals that the fluorescent decay is faster ͑ϳ2 ns͒ throughout the bright rings than in the dark regions ͑ϳ3.5 ns͒. We further analyzed the data by applying a Levenberg-Marquardt fit to the cumulative histogram data of the whole image and of several specific regions of interest. We found that a biexponential decay with lifetimes of 1.4 Ϯ 0.1 ns and 3.4 Ϯ 0.1 ns fitted the data well, indicating the presence of ͑at least͒ two distinct fluorescent species. The spatial distributions of the two amplitudes are displayed in Figs. 6͑b͒ and 6͑c͒. They show a uniform distribution of the original Rhodamine 6G molecules throughout the image except in the vicinity of the focal diffraction maximum, where the fluorophore was altered by the high focal intensities. Whereas the long-lifetime component is pertinent to the original Rhodamine 6G molecules in the solution, a short-lived molecular species accumulated in a ring around the high-intensity spot. This trend could be interpreted to be a product of a photochemical reaction triggered by the high-intensity beam that was deposited around the focal spot.
Our 4-D microscope can be applied to a variety of biological problems. For example, Fig. 7 shows part of the Golgi apparatus of a live monkey kidney cell around the nucleus with distinct fusion transmembrane cyan fluorescent proteins ͑CFP's͒ and yellow fluorescent proteins ͑YFP's͒. The CFP is best singlephoton excited at approximately 400 nm and has two emission peaks at 474 and 498 nm, whereas the YFP has its emission maximum at 526 nm. These proteins have been shown to act as donor and acceptor pairs in preliminary FRET experiments in a cuvette. The measurements were performed at an excitation wavelength of 813 nm. Whereas the image shown in Fig. 7͑a͒ was recorded with no emission filter, a 460͞60 bandpass filter that blocked all fluorescence emission from the YFP was used for the image shown in Fig. 7͑b͒ .
One would expect FRET to take place mainly in the areas that appear darker in Fig. 7͑b͒ because of the suppression of the donor fluorescence, i.e., regions 1, 2, 6, 7, and 8. However, the mere reduction of the donor fluorescence could also have been caused by other phenomena, such as a spectral shift of the donor fluorescence or local changes in pH. FLIM provides additional independent information about the occurrence of FRET because a potential reduction of the donor's excited-state lifetime is a further stringent condition for FRET.
Therefore we extracted the fluorescence lifetimes from the histogram data accumulated in the regions indicated by rectangular boxes in Fig. 7 . The lifetimes were evaluated by use of a monoexponential model that allowed for an additional constant background. The result of our analysis is shown in Table  1 . Although regions 6, 7, and 8 exhibit the expected reduction in donor lifetime, this is not the case in regions 1 and 2. The latter regions feature a lifetime such as the one also encountered in the areas 3, 4, and 5, which did not exhibit any changes in fluorescence intensity. We assume that the donor is mainly in a state that corresponds to the red-shifted emission peak in regions 1 and 2. Even if FRET did not take place, its fluorescence would be partially rejected by the emission filter, explaining the change in relative brightness. To further prove FRET, one Fig. 5 . Images of two distinct species of fluorescent beads that were imaged in the fluorescence-lifetime microscope: ͑a͒ An x-y intensity section through the beads. ͑b͒ A display of the differences in the fluorescence lifetimes. ͑c͒ The histograms that were accumulated over all the pixels of boxes 1 and 2 in ͑a͒ and the results of a nonlinear curve fitting ͑in red͒. The lifetimes extracted by this method were 2.25 ns and 3.65 ns for the small and the large beads, respectively.
can supplement the lifetime measurement with bleaching techniques. 17 
Conclusion
The combination of two-photon excitation with TCSPC permits the efficient implementation of FLIM at high spatial resolution. This 4-D microscope delivers state-of-the-art two-photon 3-D images with additional lifetime information. The sensitivity of the detector-here an avalanche photodiode-is fully Fig. 6 . Lifetime analysis after PLFD. The 10 m ϫ 10 m image is centered about a PLFD-generated spot: ͑a͒ An intensity image of the area. ͑b͒, ͑c͒ The spatial distributions of the signal amplitudes that belong to the two lifetime species. The upper outset on the right-hand side shows a semilogarithmic plot of the fluorescence decay in the boxed region, whereas the lower outset depicts the mean lifetime image of the whole area. Fig. 7 . Part of the Golgi apparatus of a live monkey kidney cell imaged with MPE at 813 nm ͑a͒ without and ͑b͒ with an emission bandpass filter that suppresses the YFP fluorescence. The cell expresses CFP and YFP fusion transmembrane proteins that have been shown to act as donor and acceptor FRET pairs. The relative brightness of regions 1, 2, 6, 7, and 8 is reduced in ͑b͒, but the lifetime data indicate a reduced donor lifetime in only regions 6, 7, and 8. The combined lifetime a has to be seen as a mean lifetime because the data are made up of fluorescence that stems from both donor and accepter. The donor lifetime b is much shorter in regions 6, 7, and 8, which is indicative of FRET.
exploited because every photon is recorded in the set of histograms. We have demonstrated the usefulness of this device for investigating various phenomena, such as PLFD and FRET between donor and acceptor protein pairs in live cells. The straightforwardness and the sensitivity of this method underscore its potential to widen the applicability of the fluorescence lifetime as contrast in biological imaging as well as in single-molecule 3-D imaging.
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